Dap160/Intersectin interacts with several synaptic proteins and affects endocytosis and synapse development. The functional role of the different protein interaction domains is not well understood. Here we show that Dap160 lacking the dynaminbinding SH3 domains does not affect the development of the neuromuscular junction but plays a key role in synaptic vesicle recycling. dap160 mutants lacking dynamininteracting domains no longer accumulate dynamin properly at the periactive zone, and it becomes dispersed in the bouton during stimulation. This is accompanied by a reduction in FM1-43 uptake, and an accumulation of large vesicles and membrane invaginations. However, we do not observe an increase in the number of clathrincoated intermediates. We also note a depression in evoked EJPs during high-rate stimulation, accompanied by aberrantly large minis. The data reveal the important role of Dap160 in the targeting of dynamin to the periactive zone, where it is required to suppress bulk synaptic vesicle membrane retrieval during high frequency activity.
Introduction
Clathrin-mediated endocytosis and bulk endocytosis are the two major pathways for synaptic vesicle (SV) recycling operating at the synaptic periactive zone (PAZ) (Saheki and De Camilli, 2012) . The action of endocytic effector proteins executing these membrane trafficking events is coordinated by large scaffolding molecules, such as Dynamin-Associated Protein 160 kDa, Dap160, in Drosophila (the mammalian ortholog is Intersectin), and epidermal growth factor receptor pathway substrate clone 15, Eps15. Both proteins act as a molecular scaffold and their loss leads to very similar defects in endocytosis in vivo (Koh et al., 2007) . Experiments in non-neuronal cells have shown that they are localized at endocytic sites via binding to F-bar proteins, FCHo1 and 2 (Henne et al., 2010) and act as a platform to recruit endocytic effectors implicated in regulation of the actin cytoskeletal network at the presynaptic membrane. Although significant progress has been made in the identification of the binding partners of the scaffolding proteins, their precise function in synapses is poorly understood (Dittman and Ryan, 2009; Pechstein et al., 2010) .
One of the key endocytic effector proteins implicated in interactions with the scaffolding protein complex is the GTPase dynamin, encoded by the gene shibire (shi) in flies (Evergren et al., 2007; Koh et al., 2004; Marie et al., 2004; Roos and Kelly, 1998) . Dynamin is part of the protein machinery that mediates fission of newly formed vesicles from the plasma membrane. In temperature sensitive shi ts1 mutants kept at the restrictive temperature, most SVs fuse with the presynaptic membrane, but endocytosis is blocked and endocytic intermediates with dynamin collars and large vacuoles accumulate. Genetic deletion of all three mammalian dynamin genes also results in a block of synaptic vesicle recycling and accumulation of numerous constricted coated pits (Ferguson and De Camilli, 2012) .
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6 associated protein (Estes et al., 1996; Littleton et al., 1993) , to determine if Dap160 co-localizes with a SV marker. Synaptotagmin and Dap160 are largely overlapping but do not completely co-localize, and punctae labeled only with synaptotagmin are clearly seen (Fig. 1E ). This further suggests that Dap160 at rest localizes in the intravesicular matrix within the SV pool (Pechstein et al., 2010) .
We next used electron microscopy (EM) in conjunction with the immunogold technique to further clarify the subcellular localization of Dap160 and dynamin. The gold particles were silver enhanced to improve visualization of the labeling at the EM level. Dap160 and dynamin were found in the pool of SVs more than 100 nm away from the borders of the T-bar pedestal ( To determine how the localization of Dap160 and its binding partner dynamin change during synaptic activity, we fixed NMJs after exposure to high K + for 10 min and stained using the immunogold technique and found labeling close to the plasma membrane in periactive zones (PAZ) ( Fig. 2A, B ). To verify that the proteins are localized in the PAZ at the EM level we also stained shi ts1 mutants exposed to the restrictive temperature (29°C) for 10 min, in which the synaptic vesicle recycling machinery is "locked" at the PAZ (Koenig and Ikeda, 1989) (Fig. 2C, D) . In agreement with immunofluorescence data, both in control and shi ts1 presynaptic terminals, Dap160 and dynamin were found concentrated in the PAZ ( Fig. 2A-I ).
Quantification of gold particle densities revealed a significant increase in Dap160 and dynamin labeling in this region (Fig. 2H, I ). Interestingly, although many control terminals still contained numerous synaptic vesicles, the majority of the gold particles were concentrated at the plasma membrane, suggesting that the proteins were not bound to SVs during neurotransmitter release and migrated to the periactive zone via an independent pathway ( Fig. 2A, B ). In shi ts1 mutants almost all gold particles were associated with the membrane regions containing constricted collared pits at the plasma membrane, consistent with a role of Dap160 and dynamin in endocytosis ( Fig. 
2C, D).
We then reconstructed immunogold-particle localization at release sites for Dap160 in 3D from serial ultrathin sections of NMJs at rest and during synaptic activity in control and shi ts1 mutant (Figs. 2E-G; supplementary material S2G-I). In resting control synapses only 10% of gold particles were in the PAZ, while 70% were in the PAZ in stimulated controls, and 90% in stimulated shi ts1 mutants. Taken together, these experiments show that Dap160 and its binding partner dynamin relocate from the distal vesicle pool region to the PAZ during synaptic activity.
Deletion of Dap160 results in the mislocalization of dynamin but not Eps15 from the PAZ
We then assessed dynamin distribution in dap160 null mutants, dap160 8 immunogold EM experiments show that dynamin distribution is not dramatically changed in mutants when compared to control at rest (Fig. 3A, G) . Dynamin is associated with the vesicle pool at rest and it is largely co-localized with Eps15 and the endocytic adaptor complex, AP2 (Figs. 3A, B , C, G, I; supplementary material S3A, C). At the EM-level, in dap160 null mutants at rest, a decrease in dynamin gold particle density is detected at the periactive zone compared to control (Fig. 3K -M, P; P<0.05), whereas no decrease is observed for Eps15 labeling versus control (supplementary material Fig. S3D ).
In stimulated dap160 null mutant NMJs, dynamin is dispersed throughout the terminal and is no longer accumulated in spots of fluorescence at the periactive zone, unlike in stimulated control NMJs (Fig. 3D, H) . However, Eps15 is still localized to endocytic punctae and co-localizes with AP2 as in control and shi ts1 NMJs (Fig. 3E -F, J, supplemental material S3B, C). Immunogold EM experiments confirmed that dynamin is not concentrated at the periactive zone and is distributed along the presynaptic membrane in dap160 mutant NMJ boutons (Fig. 3N, O) . Quantification of gold particles showed a relative reduction of dynamin immunolabeling in the PAZ compared to stimulated control (Fig. 3Q) . When compared to stimulated shi ts1 , the percentage of endocytic pits at the periactive zone associated with dynaminimmunoreactive gold particles was reduced three-fold (from 72.7±24.9%; n=19 to 23.7± 26.3%; n=15; mean±SD, P< 0.0001, Student's t-test). The relative distribution of gold particles for Eps15 was not significantly different comparing stimulated control, dap160 and shi ts1 animals (supplemental Fig. S3E ). Hence, deletion of dap160 leads to a specific mistargeting of dynamin from the PAZ during stimulation.
Dynamin is mislocalized from the PAZ in a dap160 mutant lacking the dynamin-
interacting SH3 domains
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Genetic deletion of dap160 results in a decrease of about 50% of the levels of several endocytic proteins, including dynamin, as well as to the appearance of satellite boutons, indicating a developmental defect (Koh et al., 2004; Marie et al., 2004) . To investigate the functional role of dynamin targeting to the periactive zone by Dap160, we generated dap160 mutants lacking the dynamin interacting modules. To accomplish this, we first confirmed the earlier observations of Roos and Kelly (1998) that only the SH3A and SH3B domains bind dynamin (Fig. 4A) . GST pull-down experiments with various SH3 domain combinations of Dap160 showed that SH3B is the key dynamin binding module (Fig. 4A ). SH3AB and SH3A-D displayed stronger binding than SH3B alone, suggesting cooperativity among the SH3 domain modules.
We then created transgenics in the dap160
/Df(2L)bur-K1 null background and expressed them using the GAL4/UAS system and a neural-specific GAL4 driver (elav-GAL4 C155 ). Two dap160 transgenes were generated, one lacking the SH3B domain (∆B) and the other lacking both SH3A and SH3B domains (∆AB). Animals that expressed the full-length dap160 cDNA under UAS control served as a positive control (Fig. 4B) . The full-length and mutated dap160 transgenes rescued the lethality of dap160 suggesting a synaptic defect (Fig. 4 H) .
Earlier studies have revealed severe developmental defects in the synaptic architecture of dap160 null mutants (Koh et al., 2004 S5A ). Interestingly, large amplitude spontaneous events were observed during the recovery phase following high-frequency stimulation, some wich reached up to 11.2 mV (Fig. 6G, H) . These large fusion events disappeared 60 seconds after the stimulation (Fig. 6I) . Hence, the data indicate that dynamin binding domains are necessary to maintain normal synaptic transmission. Slow recovery and presence of large spontaneous events following high-frequency stimulation suggest a defect in endocytosis and/or the release machinery in the synapse during and briefly after highfrequency activity.
To further assay the observed defect in synaptic transmission we assessed loading of the styryl dye FM1-43 in control, ∆ AB , shi ts1 and full-length dap160 rescue third instar larvae using a standard protocol (Verstreken et al., 2008) . We observed a statistically significant decrease in FM1-43 loading in the 
Discussion
The GTPase dynamin is the key constriction enzyme implicated in the fission reaction during SV membrane recycling at the periactive zone. Immunocytochemical studies have localized dynamin to distinct regions at the plasma membrane and to the necks of clathrin-coated pits, thus confirming that dynamin can be membrane associated (Takei et al., 1995) . Henceforth, labeling for dynamin has been used as a marker for the periactive zone in synapses at rest (Marie et al., 2004; Wagh et al., 2006) . Other studies have noted that dynamin localization changes during synaptic activity suggesting that dynamin is associated with an unknown cytoskeletal or "intravesicular matrix" within the nerve terminal to prevent its diffusion away from the presynaptic sites (Estes et al., 1996; Pechstein et al., 2010) . Using high-resolution techniques we resolved the subcellular origin of this event. Furthermore, we show that dynamin localization in the synapse changes upon activity. A large pool of dynamin is localized in the vesicle cluster at rest and it relocates to the periactive zones during synaptic activity. Dap160-dynamin interaction via SH3A-B domains is important for the re-localization and accumulation of dynamin at the periactive zone during synaptic activity in Drosophila synapses ( Clathrin-coated pits do not seem affected in ΔAB rescue mutants and we did not observe a significant increase when compared to control synapses. The latter supports that dynamin-mediated budding of clathrin-coated pits is not inhibited. This further implies that the targeting of dynamin by Dap160 to the PAZ is not essential for the fission step of the classical clathrin-mediated pathway in Drosophila synapses.
However, the proper fission of bulk endocytic intermediates is perturbed. The number of uncoated membrane invaginations linked to the presynaptic membrane with thin "necks" and the number of large interconnected endosomal structures were dramatically increased in the mutants lacking dynamin-binding SH3 domains.
Interestingly, it has been noted earlier that appearance of bulk membrane structures in Drosophila NMJs occurs in mutants linked to dynamin function or controlling dynamin function upon inactivation of clathrin heavy chain or in clathrin mutants (Kasprowicz et al., 2008) . A massive bulk membrane uptake has been also reported in mouse dynamin 1 knockouts (Hayashi et al., 2008 Table 2 ). The ACD construct was generated by self-ligation of blunt ended PCR product (Fusion polymerase, Finnzyme), amplified from ABCD plasmid. See all primer sequences in supplementary material Table 1 . The ACD sequence is identical to one was deleted in the pUAST-dap160∆B. All constructs were verified by sequencing.
GST pull-down
The Anti-Brp and AP2 antibodies were kind gifts from Drs. E. Buchner (University of Würzburg, Germany) and M. González-Gaitán (Geneva University, Switzerland).
Immunohistochemistry, imaging and quantification of fluorescent image
Labeling of third instar larval fillets was performed as described by (Verstreken et al., 2008) . Secondary antibodies conjugated to Alexa 488, 555 or 647 (Invitrogen) were used at 1:500, secondary antibodies conjugated to Cy5 were used at 1:100 (Invitrogen). Otto dye R1 conjugated secondary antibody was used at dilution 1:100 (Leica). Samples were mounted in Vectashield mounting medium (Vector Laboratories).
STED and confocal microscopy images for Figures 1D and S1B and C were collected on SP5 confocal microscope system equipped with a STED unit (Leica 
Bouton morphology
To reveal bouton outline, 3 rd instar larval fillets were labeled with anti-Dlg.
Presynaptic T-bars of the active zone were detected by labeling with anti-Brp.
Quantification of satellite bouton number was performed according to Marie et al (2004) . Small boutons that branch from the major NMJ axis or from the terminal bouton were classified as satellite boutons and scored. Confocal images were obtained as described above from NMJ4, segments A2-A5, at an optical section thickness of 0.5 nm. For each genotype 6-9 NMJs from 2 (dap160 null) -3 (all other genotypes) larvae were analyzed.
Preembedding immunocytochemistry and TEM
Fillets from 3 rd instar larvae were prepared in HL3 without Ca
2+
. For experiments, fillets were incubated in HL3 buffer containing either EDTA for 10 min, resting conditions, or stimulated by addition of 60 mM K + for 10 min. The specimens were fixed in 4% paraformaldehyde solution, in 0.1 M phosphate buffer, pH 7.2 and labeled and embedded for EM as earlier described (Jiao et al., 2010b) . Serial ultrathin sections were cut with a diamond knife (Diatome), stained with 1% uranyl acetate and lead citrate on grids, and examined with a Tecnai 12 electron microscope (FEI).
Images were quantified using NIH ImageJ software, and statistical evaluation was performed using Excel TM (Microsoft). Relative distribution of gold particles (%) at PAZ or synaptic vesicle pool (SVC) was calculated as the ratio of gold particle density in the PAZ or SVC to the sum of gold particle densities in the SVC and PAZ.
PAZ was defined as the plasma membrane area 500 nm adjacent to the active zone and a 100 nm cytosolic space into the lumen from the plasma membrane as shown in Fig. S2A . Gold particle density ratio PAZ/ outside PAZ was calculated as the ratio of gold particle density in the PAZ to the gold particle density in the area adjacent to PAZ (supplementary material Fig. S2A ). At least 10 active zones from three animals were used for quantifications.
3D reconstruction of TEM images
Serial ultrathin sections were photographed using bottom mounted 2k x 2k TemCam F224 CCD Camera (TVIPS). Membrane contours were traced using a digitizer and transferred into Maya 8.0® 3D-reconstruction program and surface rendered as earlier described (Jiao et al., 2010b) . Data acquisition as well as data processing and quantification were performed as described (Verstreken et al., 2008) . Three animals per genotype were tested in dye uptake experiments. To test dye unloading two separate experiments for each genotype were carried out.
Larval locomotion assay
Larval locomotion was tested according to Yang et al (2000) . Briefly, individual third instar larvae were placed in the centre of Petri dishes (8.5 cm diameter, 1.5 cm height) coated with 1% agarose. Distance travelled by each larva during a three minute period was measured by placing the Petri dish over a grid of 25 mm 2 squares and scoring the number of grid squares entered. Larval locomotion was tested at 25°C and 34°C. At elevated temperature the larvae were preheated for 10 minutes on preheated yeastsupplemented apple-juice agar plates in humidified chambers before locomotion was tested. For each genotype and condition 24-27 larvae were tested.
Statistics
Statistical analysis of two groups was evaluated using Student's t-tests. To evaluate the differences between more than two groups one-way analysis of variance ( 
( Student's t-test *P<0.05, ***P<0.001. synaptic vesicle membrane is recycled by clathrin-mediated endocytosis (CME) and activity-dependent bulk endocytosis (ADBE). In
